cose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) are incretin hormones that play important roles in maintaining glucose homeostasis and are being actively pursued as novel therapeutic agents for diabetes. GIP is produced by dispersed enteroendocrine cells and interestingly at times is coexpressed with GLP-1. We sought to determine the factors that selectively define GIP-vs. GLP-1-expressing cells. We performed comparative immunostaining of Pax6 and Pdx1 in GIP-and GLP-1-secreting cells. We investigated whether Pax6 and Pdx1 activate the human GIP promoter in control IEC-6 cells and GIP-expressing STC-1 cells. EMSA was performed to assess the binding of these transcription factors to the GIP promoter. Pax6 and Pdx1 consistently colocalized in GIP-immunoreactive cells. Cells that coexpress GIP and GLP-1 were Pax6 and Pdx1 positive, whereas cells expressing only GLP-1 were Pax6 positive but did not express Pdx1. GIP promoter activity was enhanced in IEC-6 cells by exogenous Pax6 or Pdx1 and diminished in STC-1 cells by inhibition of endogenous Pax6 or Pdx1 by dominantnegative forms. Promoter truncation analysis revealed a major loss of promoter activity when the sequence between Ϫ184 to Ϫ145 bp was deleted. EMSA studies indicated that Pax6 and Pdx1 bind to this proximal sequence of the human GIP promoter. Our findings indicate that concomitant expression of Pax6 and Pdx1 is important for GIP expression. Our results also suggest that the presence of Pdx1 defines whether GLP-1-expressing gastrointestinal L cells also coexpress GIP. transcriptional regulation; gut; K cell; glucagon-like peptide-1; glucose-dependent insulinotropic polypeptide GLUCOSE-DEPENDENT INSULINOTROPIC POLYPEPTIDE (GIP, also known as gastric inhibitory polypeptide) and glucagon-like peptide-1 (GLP-1) are gastrointestinal hormones with pleiotropic
paired and sensitivity to ␤-cell injury is increased (27, 29, 33) . In light of these actions, there is considerable interest in harnessing incretins to treat diabetes, although the short 1-to 2-min half-life of circulating bioactive forms due to rapid cleavage by dipeptidyl peptidase-4 (DPP-4; Ref. 24) limits the efficacy of the native peptides as therapeutic agents. Approaches to increase the circulating levels of GIP and GLP-1 include the use of DPP-4-resistant analogs and DPP-4 inhibitors as well as increasing endogenous incretin production (3, 6, 39) .
While it may be attractive to exploit the gut to enhance the release of GIP and/or GLP-1 to treat diabetes, developing such strategies will likely require greater understanding of the mechanisms that regulate the synthesis and release of these hormones. Studies (11, 22, 23) with intestinal cultures and tumorderived cell lines have provided some insights. Candidate pathways regulating proglucagon expression include cAMP/ PKA and ␤-catenin/Wnt. TCF4 may couple Wnt signaling to increased proglucagon transcription (41) , and interestingly recent studies (15, 16) suggest that polymorphisms in the TCF7L2 (ϭTCF4) gene constitute a major risk factor for diabetes. The genetic variants in TCF7L2 appear to confer a blunted incretin effect, although defective GLP-1 production could not be implicated (28) . Pax6 is another transcription factor that activates the proglucagon gene promoter (38) . Remarkably, mice in which the Pax6 gene is disrupted fail to develop glucagon-containing pancreatic ␣-cells (35) and mice homozygous for a dominant-negative (DN)-Pax6 allele have markedly reduced intestinal proglucagon expression and an apparent complete absence of GLP-1 immunoreactivity (17) . Relatively little is known regarding factors that regulate GIP gene expression. GATA-4 and Isl-1 transcription factors have been proposed to mediate cell-specific promoter activity (19, 20) . There is also good evidence that Pdx1 activates GIP expression and GIP immunoreactivity is virtually abolished in mice with targeted disruption of the Pdx1 gene (21) . GIP immunoreactivity is also eliminated in Pax6 knockout mice (25) , although as yet, the direct effects of Pax6 on GIP gene expression have not been reported.
Traditionally, GIP and GLP-1 production have been attributed to specific mucosal endocrine cells, termed K cells and L cells, respectively. K cells are most abundant in the upper intestine and decline in frequency toward the lower intestine, whereas L cells are generally thought to have a reciprocal distribution. The specific factors that regulate this pattern have yet to be fully elucidated. Moreover, the cell-specific expression of GIP and GLP-1 to distinct cell types is overly simplified as there have been reports (30, 31, 37 ) that some cells produce both hormones. In this series of experiments, we sought to determine why some enteroendocrine cells express GIP, others GLP-1, and yet others evidently produce both. We focused on the transcription factors Pdx1 and Pax6 given that disruption of either gene in mice seems to have a profound effect on incretin cell formation.
MATERIALS AND METHODS
Tissue culture. We used two gut-derived cell lines for this study. Animals and tissue preparations. Gut samples were removed from Wistar rats (ϳ250 g), while the animals were under inhalation anesthesia with 2% Isoflurane (AErrane, Baxter, Mississauga, ON, M1  Ϫ201  Ϫ194  CAGGCAGG  CAAGCAAG  5Ј-CCC AGA CAG CAG CTG GAA AAA GCC AAA TGT TAA TCA CCA ATT AGC-3Ј  M2  Ϫ190  Ϫ183  CAGACAGC  CACCAGC  5Ј-GCA GGC CCC AAA CAG CAG CTG GAG ATA G-3Ј  M3  Ϫ176  Ϫ171  AGATAG  AAAAAG  5Ј-CCC AGA CAG CAG CTG GAA AAA GCC AAA TGT TAA TCA CCA ATT AGC-3Ј  M4  Ϫ169  Ϫ165  CAAAT  CGGGT  5Ј-GCT GGA GAT AGC CGG GTG TTA ATC ACC AAT TAG CAC AGT TCA GG-3Ј  M5  Ϫ164  Ϫ159  GTTAAT  GGGCCT  5Ј-CCC AGA CAG CAG CTG GAG ATA GCC AAA TGG GCC TCA CCA ATT AGC-3Ј  M6  Ϫ155  Ϫ149  CAATTAG  CAAAAAG  5Ј-GCT GGA GAT AGC CAA ATG TTA ATC ACC AAA AAG CAC AGT TCA GG-3Ј  M7  Ϫ81  Ϫ73  CTTAATTTC  CGGGATGGC  5Ј-GGA GCT GTG GGC GGG ATG GCT TGA GAT AAG-3Ј  M8  Ϫ69  Ϫ64  AGATAA  CGCGGA  5Ј-GGG CTT AAT TTC TTG CGC GGA GAT GCT TTT Canada). Duodenal samples were taken within 2 cm from gastroduodenal junction, jejunal samples were excised 5-cm distal to the ligament of Treitz, and portions of ileum were just proximal to the colon. Samples were fixed in 4% paraformaldehyde in PBS at 4°C overnight and rinsed in 70% ethanol and embedded in paraffin. Human distal duodenum samples were fixed in formalin at 4°C overnight and processed for paraffin embedding and sectioning. Studies were approved by the University of British Columbia. Immunohistochemistry and immunocytochemistry. Antigen retrieval was performed by wash in Tris-EDTA buffer (pH 9, containing 0.05% Triton X) followed by microwave heating. Sections were treated with a protein-blocking reagent (Dako Cytomation, Mississauga, ON, Canada) for 30 min and incubated with primary antibodies (Supplemental Table S1 ; supplemental data for this article are available online at the Am J Physiol Endocrinol Metab website) at 4°C overnight. After washes, sections were incubated with conjugated secondary antibodies (Alexafluor 488 or Alexafluor 594, 1:500, Molecular Probes Eugene, OR; AMCA, 1:250, Jackson Immunoresearch, West Grove, PA) for 1 h at room temperature. Slides were mounted in aqueous media with/without DAPI (Vector Laboratories, Burlingame, CA). To determine the extent to which GIP and GLP-1 immunoreactivity colocalized, double-stained sections from the intestine of three different animals were examined and scored for either GIP only (K cells), GLP-1 only (L cells), or GIP/GLP-1 co-positive (K/L cells).
IEC-6 and STC-1 cells were cultured on glass chamber slides (Lab-Tek, Nalge Nuc International, Rochester, NY) and fixed in 1/1 methanol/acetone for 2 min at room temperature. After several washes with PBS, the slides were blocked and immunostained as described above.
Cloning of the human GIP promoter. A 2.9-kb fragment of human GIP promoter (Ϫ2,844 to ϩ57 bp) was amplified from the human BAC clone RP11-110H20 (BACPAC Resource Center, Oakland, CA) by PCR. The primers used were 5Ј-ATGCTGGATCTGCTC-CTAGG-3Ј (sense) and 5Ј-CAGGCGCGATGAATCACGTC-3Ј (antisense). The PCR product was cloned to pNEB plasmid (New England BioLabs, Beverly, MA) and finally transferred to a pGL4.10 luciferase construct (Promega, Madison, WI) between EcoRV and BglII sites. Truncated promoter constructs were produced by restriction digest (see Fig. 5 ). The two shortest constructs were made using PCR and recloned to pGL4.10. A 2.4-kb fragment of rat proglucagon promoter was kindly provided by Dr. D. Drucker and cloned into pGL4. 10 .
Plasmids. Human Pdx1 cDNA was kindly provided by Dr. J. Habener (Harvard Medical School, Boston, MA) and cloned to pCDNA3.1 (Invitrogen). The cytomegalovirus (CMV) promoter driven mouse Pax6 expression vector was generously provided by Dr. Busslinger (Research Institute of Molecular Pathology, Vienna, Austria). As a control to adjust the amount of CMV promoter driven vectors, pCDNA3.1 without multiple cloning sites was used. The CMV driven dominant-negative (DN)-Pdx1 plasmid was kindly provided by Dr. D. Stoffers (University of Pennsylvania, Philadelphia, PA; Ref. 36) .
Site-directed mutagenesis. The Ϫ210-bp human GIP promoter luciferase construct was used as a template and mutated using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The primers used are listed in Table 1 (complementary primers were also prepared for mutagenesis). All mutations were confirmed by direct DNA sequencing (PRISM 377 DNA sequencer, Applied Biosystems, Foster City, CA). The DN-Pax6 was also made by sitedirected mutagenesis as described above. A stop codon was introduced in the transactivation domain of Pax6 (Thr 304 ; ACA to TAA). The primers used for mutagenesis were 5Ј-CCCACAGCCCACCTA-ACCTGTCTCCTCC-3Ј (forward) and 5Ј-GGAGGAGACAGGT-TAGGTGGGCTGTGGG-3Ј (reverse).
Dual luciferase assay. One day before transfection, cells were plated into six-well plates at a density of 2 ϫ 10 5 cells per well for . After a 48-h incubation with regular media, luciferase and renilla activities were assayed according to the manufacturer's instruction (Promega) using an LMAXII 384 luminometer (Molecular Devices, Sunnyvale, CA). Firefly luciferase activity was normalized to renilla luciferase expression and is presented as the fold increase in relative light units over samples transfected with pGL4.10. All conditions were analyzed in duplicate in at least three separate experiments.
Adenovirus vector and viral infection of STC-1 cells.
An adenoviral vector expressing Pdx1 (Ad-Pdx1) was made using an Adeno-X kit (Clontech Laboratories, Mountain View, CA). The human Pdx1 cDNA was cloned to the shuttle vector and then ligated to pAdeno-X. The production of Ad-␤GAL was described previously (7) . STC-1 cells were plated 2.0 ϫ 10 4 per well on glass slides 1 day before infection. Ad-Pdx1 or Ad-␤GAL was added to STC-1 cells for 1 h in infection media at 25 multiplicity of infection. Cells were fixed after 48 h of infection and then stained with GIP, GLP-1, and DAPI, and Ͼ400 cells were assessed for immunoreacivity in each group, with the investigator blinded to the group assignment.
EMSA. EMSA studies were done with a LightShift Chemiluminescent EMSA Kit (Pierce, Rockford, IL). GIP EMSA probes corresponding to human GIP promoter (Ϫ193 to Ϫ138) were 5Ј-CCCCAGACAGCAGCTGGAGATAGCCAAATGTTAATCACC-AATTAGCACAGTTCAGG-3Ј (forward) and 5Ј-CCTGAACTGTG-CTAATTGGTGATTAACATTTGGCTATCTCCAGCTGCTGTCT-GGGG-3Ј (reverse). Probes were biotin-labeled using a 3Ј-end DNA labeling kit (Promega) and annealed at a concentration of 20 fmol. Nuclear extracts from STC-1 cells were obtained using the NE-PER nuclear and cytoplasmic extraction reagents kit (Promega). Two microliters of nuclear extract (2-4 g) were incubated in 20 l of 1ϫ binding buffer containing 0.1 mg/ml BSA (Invitrogen), 5% glycerol, 100 mmol/l KCl, 5 mmol/l MgCl 2, 0.1% Nonidet P-40, and the labeled probe with/without competitor (4 pM) for 30 min at room temperature. Super-shift assays were done by preincubating 1 l of each antibody with nuclear extract for 30 min at room temperature before being mixed with labeled probes. Mixtures were separated by 6% polyacrylamide gel in Tris-borate-EDTA buffer and transferred to nylon membrane (Magna nylon membrane; Osmonics, Westborough, MA). After ultraviolet cross-linking, detection and exposure to X-ray film were performed according to the manufacturer's instruction (Pierce).
Statistical analysis. Results are means Ϯ SE. Statistical significance was assessed by one-way ANOVA with Bonferroni's post hoc test using commercial software (Prism; GraphPad, San Diego, CA).
RESULTS

Double incretin positive cells express both Pdx1 and Pax6, while GLP-1-positive cells express Pax6 but not Pdx1.
As previously reported in mice (21), Pdx1 immunoreactivity was identified in GIP-positive cells of both rat and human intestines. However, in proximal duodenum mucosa, nuclear Pdx1 immunoreactivity was also observed in most epithelial cell nuclei, including the absorptive enterocytes (Figs. 1 and 2) . In contrast, duodenal Pax6 immunoreactivity was predominantly observed in GIP-positive cells ( Fig. 1 and 2 ). In the jejunum, Pdx1 expression was more limited to GIP-positive cells, which were also immunoreactive for Pax6. In the terminal ileum, we observed GIP immunoreactivity in approximately one-third of GLP-1-positive cells (K/L type; Fig. 3) . In this region, we did not find any GIP-positive cells without coexpression of GLP-1. All GLP-1-positive cells expressed Pax6, whether or not they coexpressed GIP. In contrast, Pdx1 expression was restricted to GIP-positive (double incretin positive) cells; GLP-1-immunoreactive cells that did not express GIP were not immunoreactive for Pdx1 (Fig. 3) . Thus we observed that GIP-positive cells are scattered throughout the small intestine but always display concurrent expression of both Pdx1 and Pax6. ( Fig. 4) but none in IEC-6 cells, a rat small intestinal stem cell-like line (data not shown). We identified three distinct populations in STC-1 cells that mimicked those we observed in the rat small intestine in vivo: K-type cells expressing GIP but not GLP-1, L-type cells expressing GLP-1 but not GIP, and a third population of K/L-type cells that were immunoreactive for both GIP and GLP-1 (Fig. 4A) . Next, we delivered Pdx1 by adenovirus to STC-1 cells to determine if increased Pdx1 expression could induce a shift of L-type to K/L-type cells. Indeed, Ad-Pdx1-transduced STC-1 cells displayed a greater number and proportion of K/L cells compared with control virus infected cells (Fig. 4, B and C) . Sequences within the proximal 184 bp of the GIP promoter are critical for GIP transcription. When a 2.9-kb human GIP promoter luciferase reporter gene construct (Fig. 5A) was transfected into the cell lines, GIP-expressing STC-1 cells demonstrated an ϳ40-fold elevated GIP promoter activity over IEC-6 cells (data not shown). To investigate which regions of the GIP promoter are crucial for transcriptional regulation, we generated luciferase reporter gene constructs comprising 5Ј-deletions and internal mutations of the human GIP promoter and transfected those into STC-1 cells. The greatest promoter activity was detected with the Ϫ210-bp construct (Fig. 5B) . Notably, GIP promoter activity dropped by ϳ90% between Ϫ184 and Ϫ145 bp, clearly indicating that the sequence between Ϫ184 and Ϫ145 bp of the human GIP promoter is critically important for GIP transcription.
To further resolve which residues within this region are critical for GIP promoter activity, we assessed the function of several internally mutated promoter constructs that were based on the Ϫ210-bp construct as a template. The mutations within this region (M3-M6; Table 1 ) led to significant decreases of GIP promoter activity, the largest drop (ϳ90%) occurring in M5 (Fig. 5C ) compared with the nonmutated Ϫ210-bp construct. M5 disrupts a TAAT motif like that bound by Pdx1 in the proinsulin promoter (9, 26) . M6, disrupting a site similar to a sequence of the rat GIP promoter that has been demonstrated to bind Pdx1 (21), diminished promoter activity by ϳ80%. M3, which targets a native GATA consensus sequence, resulted in an ϳ50% reduction of promoter activity. Of the mutations outside the region Ϫ184 to Ϫ145, M8, which targets a GATA consensus sequence like M3, reduced promoter activity by ϳ65%. M1 did not alter promoter activity, while M2 and M7 only reduced activity by ϳ20% relative to the native sequence. A comparison of the proximal GIP promoter (Ϫ210 bp) between 10 mammals (Fig. 5D ) revealed that this region of the promoter is well conserved; ϳ90% of the sequences are identical between 8 of the species, while there is ϳ50% homology between all 10 species.
Pax6 induces both GIP and proglucagon promoter activity, whereas Pdx1 only increases GIP promoter activity in IEC-6 cells. We demonstrated that GIP-secreting cells coexpress Pdx1 and Pax6 in human duodenum and rat small intestines (Figs. 1-3) . In contrast, GLP-1-secreting cells express Pax6 but do not always express Pdx1 (Figs. 2-3 ). To examine whether Pdx1 and Pax6 differentially regulate GIP and proglucagon promoter activity, we transiently transfected CMV-driven Pdx1 and/or Pax6 expression vectors into IEC-6 cells and assessed GIP and proglucagon promoter activity. GIP promoter activity was increased by approximately sixfold by Pax6 and approximately fourfold by Pdx1 in IEC-6 cells (Fig. 6A) . When IEC-6 cells were cotransfected with both Pdx1 and Pax6, an approximately sevenfold increase of promoter activity was observed. Similar results were observed in experiments using human HEK 293 cells and human colon cancer Caco2 cells (data not shown). In STC-1 cells, exogenous Pdx1 enhanced GIP promoter activity (ϳ2-fold) as reported previously (21), but exogenous Pax6 induced only a minor increase in GIP promoter activity (ϳ10%; data not shown). The reduced effects of exogenous Pdx1 and Pax6 on GIP promoter activity in IEC-6 cells relative to STC-1 cells likely reflect our observation that Pdx1 and Pax6 are already abundant in untransfected STC-1 cells but not in IEC-6 cells (data not shown). Pax6 transfection increased proglucagon promoter activity by ϳ24-fold in IEC-6 cells, but Pdx1 transfection had no significant effect (Fig. 6B) . In addition, Pdx1 expression did not alter the proglucagon promoter activity induced by Pax6.
DN-Pax6 reduces both GIP and proglucagon promoter activity, whereas DN-Pdx1 only reduces GIP promoter activity in STC-1 cells.
We constructed a truncated DN-Pax6 expression vector to determine the effect on GIP promoter activity in GIP-expressing STC-1 cells. This mutant Pax6 has a deleted proline/serine/threonine-rich domain that decreases transactivation potential but increases affinity for DNA binding and can function as a dominant repressor of the transactivation activity of wild-type Pax6 by competing for target DNA-binding sites (34) . GIP promoter activity was reduced in a dose-dependent manner by transfection of the DN-Pax6 with a maximal inhibition of ϳ70% (Fig. 7A) . These results are consistent with the concept that endogenous Pax6 activates GIP gene expression. We used a DN-Pdx1 that contains the COOH-terminal DNA-binding domain but lacks the transactivation domain. This COOH-terminal mutant Pdx1 isoform does not activate transcription and inhibits the transactivation functions of wild-type Pdx1 (36) . Like DN-Pax6, DN-Pdx1 also reduced GIP promoter activity but only up to at most ϳ20% (Fig. 7B) . Similar to results obtained with the GIP promoter, DN-Pax6 reduced proglucagon promoter activity in STC-1 cells by up to 70% (Fig. 7C) . In contrast, no inhibitory effect of DN-Pdx1 on proglucagon promoter activity was detected in STC-1 cells (Fig. 7D) .
Endogenous Pax6 and Pdx1 of STC-1 nuclear extracts bind to specific regions within the proximal human GIP promoter. To corroborate the promoter activation studies with transcription factor binding to the proximal region of the GIP promoter (Ϫ184 to Ϫ145), we used EMSA with/without antibodies against Pdx1, Pax6, GATA4, and GATA6. A biotin-labeled probe was designed to cover the sequence of Ϫ184 to Ϫ145 bp of the human GIP promoter. We observed retarded bands of this probe (Fig. 8,  a, b , and c) with STC-1 nuclear extracts. These complexes proved to be probe specific, because their signals diminished with the addition of ϫ200 molar excess of the unlabeled probe or a shorter competitor probe (Ϫ173 to Ϫ145 bp; Fig.  8, lanes 3 and 4) . In super-shift assays, super-shifted complexes were observed with antibodies to Pax6, Pdx1 and GATA4, but not GATA6. Pax6 antiserum eliminated complex a and weakened bands b and c. Pdx1 antiserum eliminated bands a and b and diminished complex c. GATA4 antibody eliminated only complex a but did not reduce the intensity of the other two bands. These results indicate that Pax6, Pdx1, and GATA4 bind to this specific region of the GIP promoter.
DISCUSSION
Pdx1 is crucial for GIP expression (21), but clearly additional factors are required, as most nuclei of proximal duodenal epithelial cells express Pdx1, yet relatively few of these are positive for GIP. Yamada et al. (40) transfected IEC-6 cells with Pdx1 and subsequently observed multiple endocrine cell related proteins but not GIP. In agreement, we did not observe any GIP immunoreactivity in IEC-6 cells transfected with Pdx1 alone (data not shown). Thus factors in addition to Pdx1 are likely indispensable for GIP expression. We hypothesized that Pax6 may represent one such factor, as GIP expression is diminished in Pax6-null mice (25) . Moreover, Pax6 is required for the expression of the related incretin hormone GLP-1 (17, 38) . We found that Pax6 immunoreactivity is scattered throughout the proximal duodenum and present in GIP-positive cells. Thus Pdx1 and Pax6 are concomitantly expressed in GIP-positive cells throughout the intestine. We also observed functional activation of a proximal region of the human GIP promoter in IEC-6 cells after transfection with Pdx1 and Pax6 and reduced promoter activity in STC-1 cells after inhibition of endogenous Pdx1 and Pax6 by transfection with the DN forms of these transcription factors. Collectively, these observations suggest that these two transcription factors may be essential for GIP expression.
In agreement with previous observations (30, 31, 37) essential for proglucagon gene expression, it is clearly by itself insufficient to drive cell-specific expression of this gene, since we observed numerous Pax6-positive GIP-expressing cells that are negative for GLP-1 (i.e., K cells). However, K/L cells, but not L cells, expressed Pdx1. Therefore, the presence or absence of Pdx1 appears to define whether or not proglucagon-expressing cells coexpress GIP. In support of this concept, transfection of STC-1 cells with Pdx1 increased the proportion of proglucagon-immunoreactive cells that were also positive for GIP. Ritz-Laser et al. (32) reported that Pdx1 diminishes proglucagon gene transcription through protein-protein interactions with Pax-6 and Cdx-2/3. However, we did not observe a decrease in GLP-1 immunoreactivity in intestinal STC-1 cells transfected with Pdx1. Moreover, the expression of Pdx1 in intestinal IEC-6 cells did not reduce the expression of a proglucagon promoter reporter gene construct. Our observation of Pdx1 expression in a population of GLP-1-immunoreactive cells and our proglucagon promoter studies are more in agreement with those of Flock et al. (14) who also reported that Pdx1 is not sufficient for suppression of proglucagon gene transcription.
Analysis of several regions of the human GIP promoter sequence revealed the greatest activity with a Ϫ210-bp reporter gene, suggesting that more distal regions may contain repressor elements. Truncation of the human GIP promoter from Ϫ184 to Ϫ145 bp blunted promoter activity by ϳ90%. A similar drop was reported for the rat GIP promoter after truncation between Ϫ193 and Ϫ182 bp (5) . Analysis of human GIP promoter internal mutants confirmed the importance of this region and neighboring sequences for GIP promoter activity. The native M6 sequence contains "CAATTAG," which has been identified as a Pdx1 and Isl-1 binding site in the rat GIP promoter (20) . Mutation of this sequence in the human GIP promoter luciferase construct reduced activity by ϳ80%, indicating that it is a very important site for GIP promoter function. The native sequences of mutants M1 and M8 contain "AGATAG" and "AGATAA," respectively, which are GATA consensus motifs (20) . These observations suggest that GATA factors may activate multiple sites of the GIP promoter. The distal GATA site resides near the edge of the Ϫ184 construct such that GATA factors may be unable to bind that site of the promoter, perhaps explaining the drop in activity from the Ϫ210 to Ϫ184 bp of the promoter sequence. GATA4 has previously been identified to bind to a similar sequence in the rat GIP promoter (21) . GATA4 is found in STC-1 cells and is widely expressed in murine intestinal mucosa (4, 20) . Transient transfection of GATA4 into IEC-6 cells increased human GIP promoter activity (data not shown). We conclude that GATA4 is a GIP transcriptional activator but is not K-cell specific given the wide distribution of GATA4 expression in the gut.
Pax6 has two DNA binding domains, a paired box domain and a homeodomain. A variant of PAX6 (5a), with a 14-residue insertion in the paired box domain, has altered DNA binding activity (13) . Epstein et al. (12) reported that the homeodomain recognizes a short DNA motif (TAAT), while the paired box domain recognizes 16-to 20-bp sequences. Pax6 binding sites have been identified within the G1 and G3 elements of rat proglucagon promoter (17) . However, we did not observe similar sites within the proximal region (Ϫ184 and Ϫ145) of the human GIP promoter. In contrast, the human GIP promoter contains the homeodomain motif "TAAT" at Ϫ162 and the inverted motif "ATTA" at Ϫ153, where Pax6 may be able to bind.
In our EMSA studies, we observed three specific shifted bands that could be super-shifted by preincubation with antibodies to Pdx1, Pax6, or GATA4, confirming that these factors interact with this proximal region of the GIP promoter in STC-1 cells. Our results further suggest that these transcription factors may regulate GIP gene transcription through a protein interaction or complex since multiple specific shifted bands were observed. Pax6 is known to complex with Pdx1 for binding to the somatostatin promoter (2) and with Brn-4 and Cdx2 for binding to the proglucagon promoter (1, 18) . Pax6 also interacts with other transcription factors to induce gene expression during eye development (10) . Further studies are required to identify specific Pax6 complexes that activate the GIP promoter.
In conclusion, concomitant expression of Pdx1 and Pax6 activates GIP expression in enteroendocrine cells. Proglucagon-expressing L cells express Pax6; those that express Pdx1 also express GIP. Thus the presence of Pdx1 is a distinguishing feature between L cells and K/L cells. Additional studies are required to determine why proglucagon is not expressed in all GIP-positive cells. Fig. 8 . EMSAs with STC-1 nuclear extracts identify Pax6 and Pdx1 binding sites in the proximal GIP promoter. Labeled GIP probe (Ϫ193 to Ϫ138) was incubated with STC-1 nuclear extract (NE), an excess (ϫ200) of unlabeled probe, an excess (ϫ200) of competitor (Ϫ173 to Ϫ145), or antibodies to Pax6, Pdx1, Gata4, or Gata6, as indicated before gel electrophoresis. Black arrows (a-c) show specific shifted bands. White arrows designate shifted bands that are eliminated by adding each antibody. *Super-shifted bands.
